Neuronal nicotinic acetylcholine receptor (nAChR) subunit genes compose a family of genes. The major isoform of nAChR in the brain is made up of the α4 and β2 subunits and possesses a high affinity for nicotine. To investigate the mechanisms of the regulation of the nAChR α4 gene expression in mouse, its genomic DNA was cloned and characterized. The transcription initiation site was mapped by primer extension and RNase protection experiments and localized at about 254 bp upstream of the translation initiation site. The 5Ј flanking region of this gene did not have typical TATA box but GC-rich sequences were found around the initiation site. Methylation analysis of this region revealed that genomic DNAs from liver and muscle are partially methylated, whereas little methylation was observed in genomic DNA from brain. To characterize the cis-acting elements driving cellspecific expression of the α4 subunit gene, we produced lines of transgenic mice which carry a series of fragments of the α4 gene fused with bacterial lacZ as a reporter gene. An 11.5-kb DNA fragment containing 9 kb of the region upstream of the transcription initiation site and the first intron was found to confer an expression pattern which coincides rather well with the endogenous gene expression pattern at early embryonic stages, suggesting that the elements necessary for the onset of α4 gene expression are located in this region. A DNA fragment containing the 1.8-kb upstream sequence and the first intron drove expression of lacZ in a limited subset of α4 expressing cells, whereas the 1.8-kb upstream sequence alone did not elicit any significant expression. These results show that both upstream and intronic sequences are important for cell-specific expression of the nAChR α4 gene.
Introduction
The nicotinic acetylcholine receptor (nAChR) is member of the superfamily of ligand-gated ion channels which includes neuronal GABA A , glycine and serotonin 5-HT3 receptors (Cockcroft et al., 1992; Bertrand & Changeux, 1995) . Muscle and neuronal nAChRs are pentamers which carry the acetylcholine binding sites, the ion channel and all the structural elements required for signal transduction and desensitization (Galzi & Changeux, 1995) .
The nAChR subunit genes form a family of 16 members, α1-α9, β1-β4, γ, δ, ε . Combinations of these subunits are thought to form multiple functionally different nAChR subtypes, although α7, α8 and α9 subunits form functional homo-oligomers when expressed in Xenopus oocytes (Couturier et al., 1990) . The different neuronal nAChR subunit genes are expressed in distinct areas of the central and peripheral nervous system in the adult (Wada et al., 1989) and during development . Among them, α4 and β2 mRNAs are abundant and widely distributed in the central nervous system (CNS) where they code for the predominant nAChR subtype (Whiting et al., 1991; Flores et al., 1992) . Xenopus oocyte reconstitution experiments (Role & Berg, 1996) and knock-out mice lacking the β2 subunit have shown that α4-β2 subunits are the major constituents of the high-affinity nicotine receptor in the brain. Accordingly, distribution of high-affinity nicotine binding sites during development correlates rather adequately with the α4 expression pattern (Naeff et al., 1992; Zoli et al., 1995) . Therefore, the study of the mechanisms of α4 gene expression may contribute to our understanding of the regulation of high-affinity nicotine receptors in the brain.
The nAChRs have been implicated in several brain diseases. For instance, in Alzheimer's disease (AD), degeneration of cholinergic neurons and marked loss of high-affinity nicotine binding in neocortex have been well documented (Warpman & Nordberg, 1995) . Genetic studies of patients suffering from autosomal dominant nocturnal frontal lobe epilepsy (ADNFLE) revealed that a missense mutation in the α4 subunit gene is associated with this disease (Steinlein et al., 1995) . In addition to these patho-physiological observations, highaffinity nicotine receptors have been implicated in nicotine addiction (Dani & Heinemann, 1996; Picciotto et al., 1998) . If nAChR subunits and nicotine binding sites in rat have been extensively mapped through development (Naeff et al., 1992; Zoli et al., 1995) and adulthood (Clarke et al., 1985; Wada et al., 1989; Hill et al., 1993) , to our knowledge no study of transcriptional regulation of α4 subunit gene has been reported.
In this paper, we first confirmed that the expression pattern of the α4 gene during development is the same in the mouse and in the rat.
We then cloned the genomic DNA of the 5Ј region of the α4 gene and mapped its initiation site. Analysis of the genomic DNA methylation pattern around the transcription initiation site revealed different methylation patterns in brain and non-neuronal tissues. To analyse the promoter activity during development, we constructed a series of transgenic mice with several fragments of the α4 gene promoter fused to the lacZ gene. It was shown that an 11.5-kb DNA fragment containing 9 kb of the upstream sequence and the first intron suffice to drive the onset of the α4 gene expression in the nervous system. Further analysis showed that, in addition to the upstream sequence, downstream sequences containing the first intron are important for cell specific expression.
Experimental procedures
In situ hybridization
Following analysis for mRNA secondary structure using GCG sequence analysis software 7.1, two α4 mRNA oligonucleotide sequences (m47 and UT) without significant identity to other nicotinic subunits or mRNA sequences present in the GenBank-EMBL data base were chosen. m47 corresponds to a portion of the nucleotide sequence of the cytoplasmic region of α4 subunit and UT corresponds to a portion of the sequence of the 5Ј untranslated region of α4 mRNA. The oligonucleotide sequence of m47 was 5Ј-GCTGCTTCCTGGGAGCTGGGCACATGCTGGACGCTCAGG-ACCTG-3Ј and the sequence of UT was 5Ј-TCCGCTCCGAGACCCGCGCGCACCCAACTTCATGCCCCG-TGT-3Ј.
The oligonucleotides were labelled at the 3Ј end using terminal deoxynucleotidyl transferase and 33 P-dATP and then purified using the NucTrap push column (Stratagene, La Jolla, CA, USA).
Frozen mouse brains or embryos were sectioned with a cryostat (14-µm-thick sections) and hybridization was performed as described in Le Novère et al. (1996) . Briefly, after fixation with 4% paraformaldehyde for 5 min, sections were washed in PBS, acetylated, and dipped into ethanol and chloroform for delipidation. Sections were prehybridized for 2 h at 37°C and hybridized for 20 h at 37°C in a humid box. The concentration of oligonucleotide was 0.55 nM in a hybridization solution containing 20 mM Tris-HCl pH 7.5, 0.6 M NaCl, 50% formamide, 10 mM DTT, 10% dextran sulphate, 1 mM EDTA, 1 ϫ Denhardt's solution, 0.1 mg/mL poly(A), 0.5 mg/mL yeast tRNA and 0.05 mg/mL herring sperm DNA.
After hybridization, sections were rinsed with 2 ϫ standard saline citrate (SSC), washed in 1 ϫ SSC three times at room temperature and then washed in 0.5 ϫ SSC at 55°C (m47) or 60°C (UT) for 15 min. After rinsing in 0.5 ϫ SSC for 15 min and ice cold water, the sections were dehydrated using ethanol and exposed to 3 H Hyperfilm (Amersham, Bucks., UK) for 1 week to 1 month.
Isolation of genomic clones and DNA sequencing
A mouse genomic library constructed in the lambda DASHII vector (Stratagene) was screened with rat α4 cDNA. Positive phages carrying DNA fragments containing upstream sequences were isolated and the DNAs purified by standard methods. A 1.7-kb EcoRI/NotI fragment and a 2.5-kb NotI/EcoRI fragment were subcloned into pBluescript. To obtain fully overlapping sequence information in both directions, © 1998 European Neuroscience Association, European Journal of Neuroscience, 10, 2244-2253 the plasmid was digested with appropriate restriction enzymes and treated with ExoIII/Mung bean nuclease according to the manufacturer's instructions (Stratagene). Sequencing was performed using the dideoxy nucleotide chain termination method with Sequenase T7 polymerase (United States Biochemical Corp., OH, USA).
Primer extension
Poly A(ϩ) RNA was prepared by a mRNA purification kit (Stratagene). The oligonucleotide was labelled at the 5Ј end with γ-32 P ATP and T4 polynucleotide kinase. The labelled oligonucleotide was hybridized overnight with 10 mg of polyA(ϩ) RNA in a hybridization buffer containing 40 mM piperazine-N,NЈ-bis (2-ethane sulphonic acid) (PIPES) pH 6.5, 80% formamide and 0.4 M NaCl at 37°C. After ethanol precipitation, the primer was extended using reverse transcriptase and the products were analysed on a 6% polyacrylamide-7 M urea gel. The sequence of the oligonucleotide primer was 5Ј-(ϩ 81)AGGCAAGAGGGCGGTCCCTAAGAGCAGCA(ϩ 53)-3Ј.
RNase protection
Total RNA was extracted from dissected tissue by the guanidium thiocyanate method and 20 mg of total RNA from adult brain or embryonic brain (E16) was used. A plasmid containing a 1.7kb NotI/ HindIII DNA fragment was digested by ApaI and RNA was transcribed in the presence of α-32 P UTP using T3 RNA polymerase. After DNaseI digestion, the radiolabelled riboprobe was purified by a 10% polyacrylamide-7 M urea gel. After elution, the radiolabelled riboprobe was hybridized overnight with 20 mg of total RNA in a hybridization buffer containing 40 mM PIPES pH 6.5, 80% formamide, 0.4 M NaCl at 37°C. The samples were then digested with 40 mg/mL RNaseA and 150 units/mL RNase T1. The products were analysed on 6% polyacrylamide-7 M urea gel.
Methylation analysis by sodium bisulphite
Methylation analysis of genomic DNA was performed according to Clark et al. (1994) . Genomic DNA from brain, muscle and liver was prepared according to standard procedure. 1 mg of genomic DNA was denatured by 0.3 M NaOH for 15 min at 37°C. After denaturation, DNA was incubated overnight in 3.1 M sodium bisulphite and 0.5 mM hydroquinone at 55°C under mineral oil. The DNA was, then, purified using a Sephadex G-50 spin column and alkali treated in 0.3 M NaOH for 15min at 37°C. After the incubation, DNA was passed through a Sephadex G-50 spin column and stored at -20°C. By this modification, unmethylated but not methylated cytosine residues are converted to uracil.
To amplify the modified genomic DNA, nested polymerase chain reaction (PCR) was performed. For the first round of amplification, the sequences of the primers were 5Ј-(-408)GGTGTTGAGATGATTGGAATGATTATGGAG(-379)-3Ј and 5Ј -(ϩ304)CTCTCCCAACACTTAAAAACTAATTCCTTC (ϩ275)-3Ј and for the second amplification, the sequences for the primers were 5Ј-(-352)AGTTTTAGGAGGATAAGG(-334)-3Ј and 5Ј-(ϩ274)CTCTCTAACTCAACTAACACTACAAAACAT(ϩ245)-3Ј.
In this PCR reaction, uracil was replaced by thymine. In order to check the conversion of the nucleotide, after the nested PCR, the amplified DNA was directly sequenced using Circumvent sequence kit (New England Biolabs, Beverly, MA, USA) with a 32 P endlabelled primer. The sequence of the primer was 5Ј(ϩ94)-ACCAAACAAAAAAACAATCC(ϩ75)-3Ј.
Construction of the α4-nls-lacZ fused DNA
A lambda phage clone containing µ 14 kb of a mouse genomic DNA fragment which included a 9-kb upstream sequence and 5 kb covering exon 1 to exon 4 of the α4 gene was used to construct a lacZ fused gene. A 2.5-kb NotI/EcoRI fragment containing first and second exon of the α4 subunit gene was subcloned into pBluescript SK(-), here designated as p0E. This plasmid was digested with NcoI which cuts at the translational start site of the α4 gene, and the ends were filled in using the Klenow fragment. A EcoRI partially digested nls-lacZ DNA fragment (Kalderon et al., 1984) which included the region between ϩ18 from the translation initiation site of nls-lacZ protein and downstream of SV40 poly-A signal was blunt ended using the Klenow enzyme and inserted into the NcoI site of p0E, here designated as p0lacE. In this construct, the nls-lacZ protein can be translated using the first ATG of the AChR α4 gene.
A 1.7kb NotI/HindIII fragment upstream of the α4 gene was inserted into a NotI site of p0lacE to make a nls-lacZ fused gene, here designated as p1.7lacE. From p1.7lacE, the EcoRI DNA fragment which contains first and second exon was removed by EcoRI partial digestion and religated. These plasmids are here designated as p1.7lac.
By using a SalI site of lambda DASHII, a 9-kb SalI/NotI DNA fragment was excised from the lambda clone. This DNA fragment was ligated with the NotI/SalI fragment of p0lacE containing the α4-nls-lacZ fused gene and SalI-digested lambda arms and packed into lambda phage using packaging extracts (Stratagene), here designated as lambda 9lacE.
FIG. 1. Bright-field microphotographs of film autoradiograms showing hybridization with 33 P-labelled m47 probe in sagittal sections of E12 (A) and E16(B) embryos. The strong signal detected in some developing bones (arrows) at E16 is an artefact due to 33 P labelling (Wisden & Morris, 1994) . Abbreviations: Di, diencephalon; Mes, mesencephalon; Rh, rhombencephalon; SC, spinal cord. (Monteggia et al., 1995; Steinlein et al., 1996) 
Generation of transgenic mice
The DNA fragment was isolated from the vector and purified by agarose gel electrophoresis followed by purification using glass powder (Geneclean, Bio101 Inc., La Jolla, CA, USA). A DNA solution (3 ng/mL) was injected into pronuclei of fertilized oocytes from C57BL6xSJL mice (IFFA-Credo, Les Oncins, France) and reimplanted to pseudo pregnant foster mice. The transgenes in offsprings were checked by Southern blot analysis using genomic DNA isolated from mice tails. For transient analysis, the transgenes were checked by PCR using genomic DNA isolated from the yolk sac.
LacZ staining
Whole embryos (before E14) or isolated brains (after E15) were fixed in 4% paraformaldehyde, 2 mM MgCl 2 , 0.02% NP-40 in PBS at 4°C for 60-120min. They were washed in three changes of PBS at room temperature and stained in 1 mg/mL of X-gal, 5 mM K 3 Fe(CN) 6 , 5 mM K 4 Fe(CN) 6 , 2 mM MgCl 2 , 0.02% NP-40 in PBS at 37°C for 8-24 h.
Nucleotide sequence accession number
The nucleotide sequence data reported in this paper will appear in the DDBJ, EMBL and GenBank nucleotide sequence databases with the accession number AB010002.
Results
Expression pattern of the mouse α4 gene during development
As no information about the expression pattern of α4 gene in mouse is available, we first studied the expression pattern during development by in situ hybridization with two oligonucleotides corresponding, respectively, to the cytoplasmic domain (m47) and the 5Ј untranslated region (UT). The sequence of m47 corresponded to that of a rat oligonucleotide used in a study on rat α4 expression during development . We studied embryos from E12 to P0 and adult brains with the two probes: both gave identical hybridization patterns.
At E12, α4 message was detected in the spinal cord, myelencephalon, metencephalon, mesodiencephalic junction and ventral part of diencephalon (Fig. 1A) . At E16, α4 mRNA was detected in the dorsal part of the diencephalon in addition to the regions in which the signal was detected at E12 (Fig. 1B) . At P0, distribution of the α4 mRNA was substantially similar to that observed in the adult brain (data not shown).
Overall, the spatio-temporal pattern of a α4 mRNA expression during development of mouse CNS and in the adult was similar to that described in the rat and coincided rather well with the distribution of the high affinity nicotine binding sites, suggesting that the mechanisms of the regulation of the α4 gene expression are very similar between mouse and rat.
Nucleotide sequence of the 5Ј-terminal region of the mouse nAChR α4 gene
To study the regulation of the α4 gene expression, we isolated the 5Ј region of the α4 gene. From the mouse genomic library 10 6 clones constructed in lambda DASH were screened with a 32 P labelled DNA fragment of rat α4 cDNA and positive clones were isolated. Six overlapping clones containing the 5Ј region of the gene were obtained by Southern blotting and restriction enzyme mapping. A lambda clone carrying the 11.5-kb DNA fragment spanning the first and second exon and upstream sequence was selected for further analysis. The nucleotide sequence of the first exon and 1.8-kb upstream region of the α4 gene was determined by the dideoxy method as shown in Fig. 2A .
The comparison of mouse and human gene sequences showed 69% of identity in the region from -87 to ϩ194 relative to the A of the ATG initiation codon. This analysis indicates that the α4 gene is conserved between human and mouse and this conservation is not limited to first exon but is extended to the 5Ј flanking and intronic sequences as shown in Fig. 2B .
A sequence with a very high GC content was found at the 5Ј end of the gene spanning from -550 to ϩ250 and the highest GC content (84%) was in the region between -121 and -220 from the A of the first ATG. In this 5Ј flanking sequence and first exon, content of CpG di-nucleotides was also very high compared with other regions (Fig. 2C ) and this was also true for GpC di-nucleotides.
Nucleotide sequence analysis revealed several recognition sites of neuronal-gene-related transcription factors in the 1.8-kb upstream region. For example, a brain-specific transcription factor β/NeuroD binding site with the same sequence as NF-κB binding site (Korner et al., 1989 ) was found at -1813. As commonly found in GC-rich sequences in promoters, four Sp1 binding sites were found around the transcription initiation site. Four E-box motifs (CANNTG) which are potential binding sites of the basic helix-loop-helix transcription factors (Sun & Baltimore, 1991) and four CACCC boxes (Hagen et al., 1992) were also found in the 1.8-kb upstream region as shown in Fig. 2 .
The distance between exon 1 and exon 2 was determined by PCR amplification using probes obtained from the partial sequence of both exons. The length of this intron is µ 1 kb (data not shown).
Determination of the transcription initiation site
To determine the transcription initiation site of the α4 mRNA, primer extension experiments were performed. A 32 P labelled oligonucleotide complementary to nucleotides ϩ53 to ϩ82 ( Fig. 2A) relative to the translation initiation site was used. The size of the product was about 335 bases in length as shown in Fig. 3A , demonstrating that the transcription initiation site is 254 bp upstream from the translation initiation site.
In order to determine with more accuracy the nucleotide of the initiation site, we used other oligonucleotide primers with sequences distributed further upstream of the initiation site. Yet, we failed to obtain a reliable signal possibly because of the high GC content in this region. Because the probe we used yielded a product of more than 300 bases, some ambiguity about the location of the initiation site persisted.
To confirm the position of the initiation site, an RNase protection experiment was also performed with total RNA from adult and E16 embryonic brain. As shown in Fig. 3B , the size of the protected bands was about 160 bases. Their sizes correlate well with those expected from primer extension. Although some smaller faint products were observed in the primer extension experiment, none of these signals corresponded to the band detected in RNase protection experiments. Thus, we concluded that the α4 gene has a major initiation site which is located 254 bp upstream of the A residue of the first ATG. Neither a TATA box nor a CAAT box were observed upstream of the initiation site. Furthermore there is no identity with the initiator sequence around the initiation site.
Another riboprobe containing the region from the first exon to the NotI site was used to examine whether the initiation site was located in the same exon as the first ATG. As shown in Fig. 3C , a single protected band corresponded to the size expected from the genomic sequence indicating that there is no intron between the initiation site and the first exon. The fact that the size of the protected bands was the same in both adult and embryonic brain indicated that there is no change in the initiation site in embryonic stages and adulthood.
We also checked the possibility of alternative splicing by RNase mapping. After the synthesis of cDNA using total RNA from brain, a DNA fragment covering the first and second exon was amplified by PCR and subcloned. Using this plasmid, we made riboprobes covering the first and second exon and RNase protection experiments were performed. The protected band corresponded to the size of the first and second exon and no specific band corresponding to only one of these exons was detected (data not shown). These results show that there is no alternative splicing in the region between the first and second exon.
Methylation pattern of the α4 genomic DNA around the transcription initiation site
The possible functional relevance of the 5Ј end of the α4 gene is indicated by the presence of a CpG-rich island and the high identity between mouse and human sequences. We therefore examined the extent of DNA methylation in this region. To detect methylation pattern, we used sodium bisulphite followed by PCR amplification as described by Clark et al. (1994) . Through this modification, unmethylated cytosine residues are converted to uracil, whereas methylated cytosines remain unchanged.
Genomic DNA prepared from brain, muscle and liver was treated with bisulphite, amplified using the PCR reaction, and sequenced. As shown in Fig. 4 , specific methylation of a cytosine residue of CpG di-nucleotides was detected at -71 in muscle and at -71 and -101 in liver, but not in brain. Genomic DNA from a fibroblast cell line (3T3) also showed a very high extent of methylation in this region (data not shown). On the other hand, methylation-sensitive restriction endonuclease digestion pattern using HpaII did not give clear difference between liver, muscle and brain (data not shown) and no methylation was detected in the region ranging from -40 to ϩ10 (Fig. 4) suggesting that the methylation of the promoter region is rather restricted.
Expression pattern of α4 gene promoter in transgenic mice
To test the promoter activity of the nAChR α4 gene, we constructed transgenic mice using the nls-lacZ gene as a reporter gene. The α4-nls-lacZ fused gene, 9lacE, was constructed by introducing the truncated nls-lacZ DNA fragment into the 11.5 kb DNA fragment derived from the α4 genomic clone. This DNA fragment was made up of a 9-kb upstream sequence and a 2.5-kb gene sequence containing exon 1 and exon 2 (Fig. 5) . In this construct, the truncated nls-lacZ DNA fragment was placed just downstream of the first ATG of the α4 gene so that the ATG could be translated as the first methionine of nls-lacZ fused protein.
We constructed four germ transmitted mouse lines, all of which expressed lacZ. These lines showed an almost identical pattern of lacZ staining during development except for line 15. This line exhibited the same expression pattern as the other lines during embryonic stages but in addition showed weak lacZ expression in the cerebral cortex in postnatal stages. At E12, the expression of lacZ in the CNS was detected in the spinal cord, rhombencephalon, mesencephalon and ventral part of the diencephalon as shown in Fig. 6 and summarized in Table 1 . Expression of the transgene was also present in some peripheral structures, including the dorsal root, sympathetic and acoustic/vestibular ganglia and the retina (Fig. 6 and Table 1 ). This pattern clearly paralleled that of the endogenous gene expression determined by in situ hybridization in mouse (Fig. 1) and rat . At this stage, lacZ stained cells were always detected outside the neuroepithelia of the ventricular zone, indicating that α4 expression was correlated to neuronal differentiation (Fig. 6) . These results showed that 9lacE contains the elements required for the onset of the α4 subunit gene expression in these regions.
At later stages, the transgene showed a more restricted pattern of © 1998 European Neuroscience Association, European Journal of Neuroscience, 10, 2244-2253
4. Methylation analysis of the 5Ј region of the α4 gene. Genomic DNA from brain, muscle and liver was prepared and modified as described in materials and methods. After the modification, the samples were amplified by PCR and directly sequenced. In this sequence reaction, unmethylated cytosine is converted to thymine and only methylated cytosine is displayed in the C lane. The numbering is relative to the A of the initiation codon of ATG.
expression compared with the endogenous gene ( Table 2 ). In both mouse (see above and Fig. 1 ) and rat , the onset of endogenous α4 expression proceeded from caudal to rostral regions of the CNS. At E16, the α4 mRNA labelling was very high in the thalamus. In contrast, at E16 as well as in the adult, lacZ was not expressed in the thalamus of the transgenic mice. Similarly, lacZ staining was not detected in the cerebral cortex of adult transgenic mice. Even in line 15 which showed some lacZ staining in the telencephalon, the number of positive cells in the cerebral cortex was very low. The observed transgene expression patterns suggest that additional regulatory elements are required for full expression of the gene in some brain areas, including the dorsal diencephalon and telencephalic regions. Overall, the pattern of lacZ expression present at E16 persisted in the adult brain, although some change in the intensity of staining was detected. For instance, the expression of lacZ in the spinal cord decreased in adulthood and was mainly limited to the dorsal horn. These results show that the DNA elements contained in 9lacE are essential for α4 expression and suffice for the 
a Expression in retina was checked at E13.
onset and maintenance of expression in some brain areas, especially located in the early developing caudal part of the CNS. However, the full expression of the α4 gene in other regions, especially in the late developing thalamus and cerebral cortex, requires additional regulatory elements not present in the 9lacE transgene.
Upstream sequence as well as the first intron are important for α4 expression
To study the DNA elements which are necessary for the onset of α4 expression, we constructed shorter lacZ fused genes as shown in Fig. 5 . To check the expression pattern at specific stages, we used a transient in vivo assay instead of generating new transgenic lines. Embryos were killed 12 days after DNA injection and stained on whole mounts. In this experiment, transgenic genes were analysed by PCR using primers derived from lacZ DNA sequence with yolk sac DNA. The 1.7lacE DNA fragment contains 1.8 kb of upstream sequence and a 2.5 kb DNA fragment comprising the first intron and first two exons (Fig. 5) . The expression pattern of 1.7lacE (detected in five out of 17 transgenic lines) was more restricted than 9lacE (as shown in Table 1 and Fig. 7) . Line 63 showed the most extended expression pattern (Table 1 and Fig. 7) , which included moderate expression in the mesencephalon and mesodiencephalic junction and weak expression in the ventral part of the rhombencephalon and spinal cord, and dorsal root ganglia. The expression patterns of the other lines were subsets of line 63. Interestingly, 1.7lac which has only 1.8 kb of upstream sequence but lacks the downstream DNA sequence covering the first intron and first two exons, could not be expressed in any of seven transgenic lines tested. The 0lacE which has only 102 bp of 5Ј flanking sequence from the translation initiation site but has the same intronic sequence as 9lacE and 1.7lacE, conferred ectopic expression in addition to a subset of the expression of the endogenous gene. By making transient transgenic mice, we could obtain two transgenic mice and both of them showed ectopic expression. They showed lacZ expression in limb pad in addition to limited expression in ganglia and hindbrain (data not shown). The 0lac which has only 102 bp of 5Ј flanking sequence from the translation initiation site could not confer any expression in five transient transgenic mice.
These results indicate that the 5Ј flanking sequence of the α4 gene is not sufficient for its expression and that the DNA elements contained in the 2.5 kb DNA sequence covering the first intron and first two exons play a crucial role in the regulation of the specific expression of the α4 gene.
Discussion
Cloning and sequence analysis of the promoter region of the α4 gene revealed the presence of a number of transcription factor binding sites in the upstream sequence of the α4 gene. In addition to the neuron specific transcription factors such as β and SPR-1 which bind to NF-κB and Sp1 binding sites, respectively, some motifs might be responsible for the expression of α4 gene in non-neuronal tissues. Four E-box motifs and a GATA-box were found in the upstream sequence. These motifs might be responsible for α4 gene transcription in non-neuronal tissues such as muscle (Corriveau et al., 1995) and lymphocytes (Hiemke et al., 1996) . Further deletion and mutational analyses are necessary to establish the functional significance of these motifs.
In nAChR genes, NRSE motif (Mori et al., 1992; Schoenherr et al., 1996) has been found in the 5Ј region of nAChR β2 gene . This element is found in many neuron specific genes and known as an important element responsible for neuronal gene expression. Although expression patterns of α4 and β2 are similar during development , no NRSE motif was found in the 5Ј region of the α4 gene. Mechanisms of transcriptional regulation distinct from NRSE must therefore be present in the α4 gene.
Sequence analysis of the upstream region of the α4 gene also revealed a high GC content around the first exon about 800 bp in length. It is well known that GC rich sequences without a TATA box and a CAAT box are found in housekeeping genes. However, recent evidence shows that GC-rich sequences frequently occur around the initiation site in some neuronal genes, including synapsin I (Sauerwald et al., 1990) , acetyl cholinesterase (Li et al., 1993) , the m4 muscarinic acetylcholine receptor (Wood et al., 1995; Mieda et al., 1996) , the NMDA receptors NR2C (Suchanek et al., 1995) and NMDA receptor R1 (Bai & Kusiak, 1995) , aldolase C (Thomas et al., 1995) , MAO (Zhu et al., 1992) , the NGF receptor (Patil et al., 1990) , voltage gated K ϩ channels (Wymore et al., 1996) . In this study, we showed that the GC rich sequence of the α4 gene is methylated in a tissue specific manner. Although little is known about the tissue specific methylation pattern of nucleotides in these genes, GC rich sequences and methylation might play a crucial role in neuronal gene expression.
At least two kinds of α4 mRNAs which differ in the 3Ј terminal end have been identified (Goldman et al., 1987) . The distribution of these mRNAs differs slightly in adult brain (Wada et al., 1989) suggesting their differential regulation. Our results show that no alternative splicing takes place between exon1 and exon 2 and there is no extra exon, suggesting that the different distribution of the two kinds of α4 mRNA does not depend on differential transcription initiation but, possibly, on post-transcriptional regulation.
The transgenic mice data show that the 9-kb upstream sequence and the 2.5-kb intron-containing sequence are sufficient for driving the onset of α4 gene transcription. Both 9lacE transgene and endogenous α4 gene start to be expressed early in neuronal tissue development (E12) in several brain stem nuclei, spinal cord and ganglia. The fact that lacZ stained cells were only detected outside of the neuroepithelia suggests that this DNA construct contains some DNA elements responding to neuronal differentiation.
Expression of the 9lacE transgene in the caudal brain was not, however, followed by progressive expression in rostral brain regions, as it occurs for the endogenous α4 gene. This observation indicates that α4 expression in most nuclei of the rostral brain (including the thalamic nuclei and cerebral cortex), requires the activation of promoter elements which are not included within the 9lacE construct. In 9lacE mice, we observed a high level of lacZ expression in spinal cord from E12 to E16 that decreased postnatally, suggesting that the 11.5-kb DNA fragment may also contain silencing elements responsible for repression.
The comparison of transgene expression driven by the different constructs shows that the intron-containing sequence may play an important role in the regulation of the α4 subunit gene transcription. The importance of the first intron is further supported by the finding that the 0lacE which has only 102 bp of 5Ј flanking sequence from the translation initiation site and intronic sequence could confer ectopic expression in addition to part of the expression pattern of the endogenous gene.
The sequence around the transcription initiation site and first exon of the α4 gene is very GC rich. Our results show that genomic DNA of the α4 gene is methylated in a tissue-specific manner, being more methylated in non-neuronal tissues than in the brain. This observation is consistent with the notion that methylation may down regulate α4 expression in these tissues.
As mentioned above, many neuron-specific genes have GC-rich sequences around the transcription initiation site. The methylation pattern of the these nucleotides is not known in most cases. It appears of interest to study whether or not higher methylation levels of the promoter of neuronal genes in non-expressing cells is a general phenomenon. Further analysis of the promoters of neuronal genes may thus contribute to an understanding of the gene regulatory mechanism that determine brain organization and plasticity. 
